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Asymmetric fluid flow in the mouse node initiates the
development of left–right asymmetry. This flow is
generated by motile cilia and is detected by immotile
mechanosensory cilia, activating an asymmetric
calcium spike. 
Vertebrates have morphological and functional
left–right asymmetries in the brain, heart, lungs and
gut. The development of these asymmetries is
directed by what appears to be a highly conserved but
very complex genetic pathway, including members of
the cell-signaling family Nodal and Lefty and the
transcription factor Pitx2. This pathway propagates
left–right asymmetric signals throughout the embryo,
from the node and midline of the embryo, through
migrating lateral mesoderm to the primordia that form
asymmetric organs. One of the most important and
least understood aspects of this pathway is the switch
from bilateral symmetry to properly oriented left–right
asymmetry throughout the embryo.
An elegant model for the initial left–right switch
suggests that asymmetric flow of extracellular fluid
within the embryonic node of the developing embryo,
which lies at the center of both bilateral symmetry
and formation of the head–tail axis, drives the gener-
ation of asymmetry. This ‘nodal flow’ is driven by
specialized cilia, paddle-like extensions that project
from the surface of cells in the node [1]. The forma-
tion and movement of node cilia are dependent on
motor molecules, kinesins and dyneins, which inter-
act with microtubule-based cytoskeleton. In mice,
mutations in kinesins KIF3B [1] or KIF3A [2,3] block
the formation of node cilia, while mutations in the iv
gene, which encodes left–right dynein, result in non-
motile cilia [4,5]. Importantly, all of these mutant mice
have aberrant or absent nodal flow and associated
defects in subsequent left–right development. The
mutants thus reveal correlations among dysfunc-
tional ciliogenesis or cilia function, aberrant nodal
flow and altered left–right development. 
Some of the strongest support for the view that
nodal flow is important for the initiation of left–right
asymmetry comes from embryological experiments. By
placing embryos in a chamber and forcing fluid flow
across the node, Shigenori Nonaka and co-workers in
Hiroshi Hamada’s lab demonstrated that fluid flow can
control left–right development. Externally provided fluid
flow from left to right can reverse left–right asymmetry
in wild-type embryos, and fluid flow from right to left
can rescue left–right development in mutant embryos
defective in left–right dynein [6]. Together with mutant
analyses, these observations support the conclusion
that nodal flow is sufficient to initiate left–right orienta-
tion in the mouse embryo.
A significant question in the field has been what is
moved by nodal flow during the generation of left–right
asymmetry. The ‘morphogen flow’ model suggests that
pertinent signaling molecules, such as Shh, FGF, Nodal
or related proteins, are swept from one side of the node
to the other in order to initiate downstream signaling
pathways. This prevalent hypothesis speculates that
signaling factors which are expressed symmetrically in
or around the node are driven to an asymmetric distri-
bution by nodal flow [1,5]. But several observations
argue against this model [7,8]. Asymmetric protein dis-
tribution has not been detected; most growth factors
are not freely diffusible; and the strong external flow
used experimentally to reassert normal left–right devel-
opment in iv mutant mice would be expected to wash
away or dilute signaling factors.
The new alternative ‘mechanosensory model’ is
based on observations in Martina Brueckner’s lab [9]
that there are two populations of cilia in the node, both
motile and non-motile cilia. Motile cilia, which contain
the motor protein left–right dynein, are localized in the
center of the node. Non-motile cilia are distributed
around the periphery of the node. All of the cilia contain
the cation channel polycystein-2 protein — product of
the polycystic kidney disease type 2 gene Pkd-2 — but
only the central, motile cilia contain left–right dynein.
The model proposes that the motile cilia in the center
generate nodal flow from right to left, and that the non-
motile cilia on the periphery serve as mechanosensors,
detecting the flow. 
How do the proposed mechanosensory cilia work in
left–right development? Much of our understanding of
mechanosensory cilia is provided by studies of
polycystic kidney disease. Cilia develop on kidney
epithelial cells lining the tubules and are thought to
detect the flow of fluid. In cultured kidney epithelial cells,
mechanical bending of a cilium with a micropipette
results in an intracellular calcium spike. Interestingly, a
number of mutations that cause kidney disease —
including those in the genes Pkd-1 (polycystin-1), Pkd-2
and TgN737Rpw (polaris) — also result in left–right
defects (reviewed in [8,10]).
Polycystin-1, polycystin-2 and polaris are localized
to cilia and perhaps to endoplasmic reticulum. Cells
derived from mice with mutations in Pkd-1, or cells
treated with blocking antibodies against Pkd-2, can
still form cilia, but the cilia cannot activate a calcium
flux in response to mechanical stimulation [10]. Based
on these observations, Brueckner and co-workers [9]
examined calcium levels in mouse gastrula, using the
reporter dye Fluo3. They found that wild-type embryos
had higher calcium levels on the left periphery of the
node, in some cases extending into larger areas of the
left side of the embryo. 
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Although calcium signaling has not been perturbed
directly to test its role in left–right development, two
correlations suggest that nodal flow is important in the
establishment of asymmetric calcium levels. First,
left–right dynein mutants lack motile cilia, lack nodal
flow and have calcium levels that are symmetric,
either bilaterally high or bilaterally low. This suggests
that, in the absence of nodal flow, the set points for
calcium levels are the same on both sides of the
embryo. Second, calcium levels are undetectable in
Pkd2 mutant mice, which lack the Polycystin-2 protein
thought to be necessary for the mechanosensory
function of cilia. Together, these findings suggest that
two types of cilia are important for left–right develop-
ment: left–right dynein-dependent motile cilia to drive
nodal fluid flow; and mechanosensory cilia which are
deflected by nodal flow and which activate a calcium
flux on the left side of the embryo. Presumably the
calcium spike on the left side activates the down-
stream left–right pathway of nodal, lefty and pitx2
expression on the left.
This model places node cilia at the starting point in
left–right development in mice. It is not clear,
however, whether this cilia-dependent mechanism is
specific to mouse development. The expression of
left–right dynein-related genes and cilia in the cells
within the embryological structure analogous to the
node have been detected in chick, frog and zebrafish
embryos [11], suggesting that node cilia play a role in
early left-right development throughout vertebrates.
But there are clear molecular left–right asymmetries
that occur before the appearance of left–right dynein
and cilia in Xenopus development [12–14]. For
example, a maternal mRNA encoding H+/K+-ATPase
subunit is transiently asymmetric in four-cell embryos
[13], and a PKCγ-dependent phosphorylation of syn-
decan-2 occurs asymmetrically in the ectoderm of
early gastrula [14]. Several lines of evidence indicate
that H+/K+-ATPase function and the asymmetric dis-
tribution of both phosphorylated syndecan-2 (on the
right) and non-phosphorylated syndecan-2 (on the
left) are essential for normal left–right development.
One of the next challenges in the field will be to dis-
cover how these earlier molecular determinates of
left–right development interact with the cilia-based
signaling in the node of vertebrates.
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Figure 1. Cilia generate and sense fluid
flow.
Cilia on cells in the center of the node
(rectangles) generate fluid flow (arrow)
that is detected by mechanosensory cilia
in the periphery of the node. Central cells
(rectangles) have long, motile cilia that are
dependent on the left–right dynein (LRD)
motor molecule for movement. The net
effect of the movement is leftward fluid
flow, which is proposed to deflect the
non-motile mechanosensory cilia (straight
lines on elliptical cells in diagram). Func-
tion of mechanosensory cilia is dependent
on polycystin-1, polycystin-2 and polaris
proteins. Deflection of mechanosensory
cilia results in a spike of intracellular
calcium, which then presumably activates
the ‘left-side’ pathway, leading to asym-
metric gene expression.
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